We have previously demonstrated that relatively high concentrations of NO [Nitric Oxide] as produced by activated macrophages induced apoptosis in the human breast cancer cell line, MDA-MB-468. More recently, we also demonstrated the importance of endogenous H 2 O 2 in the regulation of growth in human breast cancer cells. In the present study we assessed the interplay between exogenously administered NO and the endogenously produced reactive oxygen species [ROS] 
Introduction
We have previously demonstrated that relatively high concentrations of NO [1 mM DETA-NONOate also referred to as DETA], as released from activated macrophages, induced apoptosis in MDA-MB-468 human breast cancer [HBC] cells by caspase-3 activation [1] .These effects were found to be cyclic GMP [cGMP] independent [1] .This prompted us to investigate the cGMP independent mechanism[s] of NO action in the apoptosis of HBC cells. In a subsequent and a more recent publication we have also demonstrated that HBC cells strategically maintained significantly higher endogenous levels of H 2 O 2 compared to normal human breast epithelial [HBE] cells [2] . This was due to the increased production of O 2 .2 by HBC cells thereby inhibiting the enzyme activity of catalase resulting in increased intracellular H 2 O 2 levels [2] . This was evidenced by the elevation of catalase activity in HBC cells following treatment with pegylated superoxide dismutase [PEG-SOD] [2] . Following silencing of catalase activity, there was further increase in H 2 O 2 levels and this induced HBC growth via the inactivation of PP2A activity [2] . Conversely the reduction of H 2 O 2 levels in HBC cells following overexpression of catalase, was associated with increased PP2A activity leading to apoptosis [2] .
In this study we have demonstrated that one of the cellular mechanisms by which NO induced apoptosis in HBC cells was by decreasing the endogenous levels of H 2 We also observed that protein phosphatase 2A [PP2A] , and one of its down stream substrates, FOXO1 [a member of the Fork Head Family of transcription factors], played an important role in NO mediated apoptosis. PP2A, an important serine/threonine phosphatase, has been reported to be involved in the regulation of cell homeostasis, through the negative regulation of signaling pathways initiated by kinases [3] . Furthermore, PP2A has been shown to increase the expression of pro-apoptotic proteins such as BIM, and BAX [4] . We have previously reported that reduction of H 2 O 2 levels [by the overexpression of catalase] could activate PP2A in HBC cells [2] . On this basis we hypothesized that NO may activate PP2A activity via the lowering of H 2 O 2 levels thereby leading to apoptosis. FOXO1, which has also been reported to induce the synthesis of pro-apoptotic proteins such as BIM and BAX [5] , has been shown to be activated by PP2A [5] . Interestingly, we have previously reported that the pro-apoptotic protein BAX, played an important role in the induction of NO mediated apoptosis in MDA-MB-468, HBC cells [1] . We therefore extended our hypothesis to include FOXO1 as an intermediate in the mechanism of NO mediated apoptosis in MDA-MB-468 cells.
In summary, the findings from this study helped identify another novel mechanism by which NO, by modulating endog-enous levels of H 2 O 2 induced apoptosis in HBC cells. The results from this study also underlined the important role of the PP2A-FOXO1 signaling cascade in NO mediated apoptosis. . MDA-MB-468 and MDA-MB-231 were grown in DMEM supplemented with 10 mM nonessential amino acids, 2 mM L-glutamine, 1 mg/mL insulin, and 5% fetal bovine serum [FBS] . MCF-7 cells were grown in DMEM supplemented with 10 mM nonessential amino acids, 2 mM L-glutamine, 1 mg/ mL insulin, and 5% fetal bovine serum [FBS] . Treatment with DETA-NONOate 1 mM or heat-inactivated controls were done in the presence of serum for 24 h unless specified. Pegylated catalase or pegylated superoxide dismutase treatments were also performed for 24 h for relevant experiments. Following treatment cells were harvested utilizing trypsin and processed for down stream assays. Cells were passaged no more than 10 times after being procured from the company and their genetic characteristics were tested regularly. We regularly checked for the presence of mycoplasma with Lonza's MycoAlert mycoplasma detection kit [LT07-318]. For experimental purposes, cells were allowed to seed overnight prior to all treatments. All treatments were done under serum-free conditions unless otherwise noted.
Materials and Methods

Materials
Superoxide detection. Superoxide was determined as described by Zeolonka et.al, [6] which quantifies 2-OH-Ethidium [a specific product of Hydroethidium [HE] and O 2
.2 ] following its separation from other oxidized products of HE by HPLC. Values were normalized against total protein. Briefly 10 mM HE was added in cell culture for 20 m at 37uC. This was followed by lysing in a 0.25-mL lysis buffer [DPBS with 0.1% Triton X-100, pH 7.4], and cell protein levels were measured. A 10-ml lysis solution was used for measuring protein concentration. The remaining solution was mixed with 0.5 mL of 1-butanol, vortexmixed for 1 min, and centrifuged. The butanol phase was separated and dried with nitrogen. Dried samples were taken up into the solution by adding 0.1 mL of water for HPLC analysis. The cell number was normalized to protein levels in cell lysates, and HPLC peak areas in individual experiments were normalized to the protein concentration.
Hydrogen peroxide detection. 6 ] were scraped from dishes with 0.3 mL phosphate extraction buffer [20 mM imidazole-HCl, 2 mM EDTA, 2 mM EGTA, pH 7.0, with 10 mg/mL each of aprotinin, leupeptin, antipain, soybean trypsin inhibitor, 1 mM benzamidine and 1 mM PMSF. Cells were sonicated for ten seconds, then centrifuged at 20006 g for 5 minutes. After immunoprecipitation of the cellular lysate for PP2A, the enzymatic activity of PP2A was determined by the dephosphorylation of the substrate K-R-pT-I-R-R and the coordination of the resulting free phosphate with Malachite Green. Activity levels were normalized to the amount of PP2A immunoprecipitated purified as determined by SDS-PAGE and Western analysis as previously described. The specific PP2A activities were compared between cell lines and reported as fold-differences. Tissue lysates for PP2A assay were prepared in PP2A assay buffer in the presence of protease cocktail inhibitors using a hand held tissue homogenizer. Extracts were clarified by centrifugation at 12000 g for 30 m just before assaying. Tissues were obtained from the UCLA pathology core facilities which operate within the frame work of UCLA certified protocols to obtain human samples. We did not access any patient information.
Western blotting. Cytoplasmic extracts were prepared from cells after various treatments by lysis in buffer containing 50 mm HEPES [pH 7.5], 1 mm DTT, 150 mm NaCl, 1 mm EDTA, 0.1% Tween 20, 10% glycerol, 10 mm b-glycerophosphate, 1 mm NaF, 0.1 mm orthovanadate, 10 mg/ml leupeptin, 10 mg/ml aprotinin, and 0.1 mm phenylmethylsulfonyl fluoride and kept at 4uC for 30 min. cytosolic protein concentrations were quantified by Bradford assay. Equal amounts [20 mgs of protein] were separated on a 10% SDS-PAGE gel and transferred onto polyvinylidene difluoride membranes. Incubation with primary and horse radish peroxidase conjugated secondary antibodies were done at 4uC overnight and 1 h at RT, in 1: 1000 and 1: 10,000 dilutions respectively. Immunoreactivity was detected by using enhanced chemiluminescence Catalase Assay. Catalase assay was performed according to the methods of Beers et.al [7] . Briefly 100 mgs of cell extract was prepared in phosphate buffer pH 7.0 and mixed with 1 mM H 2 .2 ] levels in MDA-MB-468 cells associated with increased formation of nitrated tyrosine species, which was partially reversible upon pre-incubation with MnTBAP [ Fig. 1a & b] . PEG-SOD treatment was used as a control to validate the assay system. 500 U/mL of PEG-SOD or vehicle control [ 0.1% DMSO] was added to cell cultures for 24 h before assaying for O 2 .2 production. This was also accompanied by a decrease in the H 2 O 2 production over time [ Fig. 1c] . Pegylated catalase [PEG-CAT] treatment was used as a control to validate the assay system. 100 U/mL of PEG-CAT or vehicle controls [ 0.1% DMSO] were added to cell cultures for 24 h before assaying for H 2 O 2 production. [Fig. 1d] . Exposure of MDA-MB-468 cells to heat inactivated DETA ie DETA kept at 37uC for 7 days as validated earlier [1] 
Important role of PP2A in NO induced apoptosis
A recent publication from our lab elaborated the inverse correlation between endogenous H 2 O 2 levels and PP2A activity in breast cancer models [2] . Interestingly following exposure to 1 mM DETA, both MDA-MB-468 and MCF7 breast cancer cells exhibited an increase in PP2A activity. [Fig. 2a , left and right panels respectively]. As PP2A activity has been reported to be associated with increased apoptotic tendency in HBC cells [2] , we assessed its role in NO mediated apoptosis. An attenuation in the increase of Annexin V binding and caspase 23 activity was observed upon DETA-NONOate treatment on MDA-MB-468 cells silenced for the catalytic subunit of PP2A [ Fig. 2b-2d ]. There was a modest increase in Annexin V binding upon PP2A silencing which may be attributed to cell proliferative properties of PP2A [19] .
Important role of FOXO1 in NO induced apoptosis FOXO1, an important pro-apoptotic transcription factor has been reported to be a substrate for PP2A [4] . We assessed the role of PP2A-FOXO1 interplay in NO mediated apoptosis in breast cancer. Interestingly it was observed that NO treatment induced the dephosphorylation of pFOXO1 in MDA-MB-468 as well as in MCF7 cells. [Fig. 3a , left and right panels], and prior silencing of PP2A attenuated the dephosphorylation event as exhibited in MDA-MB-468 cells. [Fig. 3b ]. Increased nuclear concentration of FOXO was observed at 4 h following DETA treatment in MDA-MB-468 cells [ Fig. 3c ]. Significant dephosphorylation of pFOXO1 was first observed between 2-6 h [ Fig. 3a] . Interestingly significant FOXO accumulation was observed at 4 h [between 2 and 6 h ] following DETA treatment. This is in agreement with the established observation that FOXO translocates to the nucleus following dephosphorylation. Furthermore it was observed that DETA treatment on cells silenced for FOXO1 exhibited decreased Annexin V binding and caspase -3 activity compared with scrambled controls [ Fig. 3d-f] . Interestingly siFOXO exhibited increased Annexin V binding compared to siScramble. This could be attributed to the activation of some of its isoforms such as FOXO3 as a compensatory mechanism in response to FOXO1 silencing. Indeed FOXO3 has been observed in breast cancer and does play a role in apoptosis [20] . A modest increase in Annexin V binding in siFOXO following DETA treatment suggests the existence of alternative pathways independent of FOXO1 in NO mediated apoptosis. Thus the PP2A-FOXO1 axis is an important pathway but certainly not the only one.
Important role of catalase in NO induced apoptosis
Several reports have described the induction of antioxidant gene expressions [including catalase], upon activation of FOXO1 [8] . Moreover we have shown earlier, that overexpression of catalase led to apoptosis [2] . We therefore investigated the role of catalase in NO mediated apoptosis. Interestingly we observed that, DETA [1 mM] increased the mRNA as well as protein expression of catalase associated with an increase in its enzyme activity [ Fig. 4a-c, left panel] . Increase in catalase bioactivity, following DETA treatment was also Fig. 5c ]. As expected the dephosphorylation event was inhibited upon PP2A silencing [ Fig. 5d ] indicating the dependency of the phosphorylation process on PP2A activity.
Discussion
In this study we have elucidated a novel mechanism by which relatively high concentrations of NO [as released from activated macrophages ie ,0.5 mM NO over 24 h] [18] , modulated the levels of endogenous ROS to induce apoptosis in HBC cells. We have previously demonstrated that NO, in concentrations [as released from activated macrophages and mimicked by the treatment of 1 mM DETA-NONOate], induced apoptosis in MDA-MB-468 HBC cells [1] . We observed that NO induced a pro-apoptotic cascade of events involving the activation of MKP1, a dual specificity phosphatase, which was responsible for the dephosphorylation of ERK1/2, which in-turn was associated with the integration of BAX to the inner mitochondrial membrane to cause apoptosis [1] . More recently we demonstrated the existence of an endogenous ROS mediated, pro-survival mechanism, which was constitutively operational in HBC cells. We observed that HBC cells strategically maintained elevated levels of H 2 O 2 [when compared to HBE cells], to inhibit PP2A [a serine threonine phosphatase, also known to inactivate ERK1/2 and AKT], to elicit continuous growth. In this study we have elucidated that along with the induction of a pro-apoptotic pathway, NO treatment also initiated an ''anti -growth'' mechanism in which it directly interfered with the ROS mediated growth signaling to supplement the pro-apoptotic pathway.
Our production [9] . This could be a possibility in our model system as well, as HBC cells have been reported to exhibit increased expressions of NADPH-oxidases, such as NOX4 [10] . It would be interesting to investigate the role of NO in the assembly processes of mitochondrial electron chain complexes which are seats of O 2 .2 generation. As NO can function as a heme ligand [11] , it could be envisaged that it might interfere with the heme insertion processes during the assembly of key heme proteins such as cytochrome c oxidase. As far as the direct quenching of O 2 .2 is concerned there could be the possibility of peroxynitrite formation as the rate of combination between the reactants has been reported to be as high as 2610 10 [12] . Nonetheless, controversy exists regarding the role of peroxynitrite in various pathophysiological processes.
Our observation that the formation of nitrated tyrosine species, was associated with that of O 2 .2 reduction , suggested the involvement of reactive nitrogen species, that caused nitration of tyrosine residues in proteins. This could most likely be nitrogen dioxide, as tyrosine nitration is dioxygen dependent [13] . The exact identification or mechanism of formation of the relevant nitrogen species remained to be investigated. Our observation that the formation of nitrated tyrosine species was partially reversible by MnTBAP may suggest the intermittent formation of peroxynitrite [as there have been reports describing MnTBAP to be a specific quencher of peroxynitrite [14] , or MnTBAP could simply have acted as a superoxide dismutase mimetic as indicated by other investigators [15] . Nonetheless, our data did indicate that NO treatment reduced endogenous O 2 .2 levels which was associated with the nitration of tyrosine residues. The decrease in O 2 .2 levels was associated with a decrease in endogenous H 2 O 2 levels. This decrease was observed in a panel of breast cancer cell lines and was not observed when cells were exposed to heat inactivated DETA. Thus the attenuation in the endogenous levels of H 2 O 2 upon exposure to NO was universal and specific to the actions of NO. The decrease in H 2 O 2 levels could be an effect of both genomic and non genomic actions of NO. The non genomic action could be due to a decrease in the levels of O 2 .2 its direct precursor, or an activation of catalase due to an attenuation of its inhibition by O 2 .2 as reported earlier [2] . The genomic action could be attributed to the signaling events connecting activation of PP2A , dephosphorylation of FOXO1 and subsequent transcription of catalase.
We have previously demonstrated a direct correlation of PP2A activation with the reduction in the basal levels of H 2 O 2 in HBC cells [2] . In this study we observed the activation of PP2A in at least two breast cancer cell lines, [MCF7 and MDA-MB-468] following NO treatment. Therefore, NO mediated reduction in H 2 O 2 levels and associated activation of PP2A further underlines the inverse correlation between the activation of PP2A and [H 2 O 2 ] in HBC cells. Interestingly we have observed that tissues from breast tumors exhibited decreased PP2A activity compared to their normal counter parts. This could have resulted from inactivation of the thiols of the PP2A active site by elevated H 2 O 2 levels observed in cancer cells. Thiol oxidation by H 2 O 2 at the active site of phosphatases, have been described in several reports [16] . Thus reduced levels of H 2 O 2 would shift the equilibrium towards more active phosphatases as reported earlier [16] .
FOXO1 has been reported to be a pro-apoptotic transcription factor which when activated by dephosphorylation at serine 256 has been shown to transcribe pro-apoptotic genes including BAX and BAD [17] . Our results further indicated that PP2A caused FOXO1 activation, as PP2A silenced cells failed to exhibit the dephosphorylation of pFOXO1 following NO treatment. This indicated that NO activated FOXO1 via PP2A. FOXO1 induces the transcription of antioxidant genes such as catalase and superoxide dismutase along with pro-apoptotic molecules as mentioned earlier [17] . Increased accumulation of FOXO1 in the nuclear fraction following DETA treatment further indicated the important role of FOXO1 in the transcriptional regulation catalase. Our data indicated that FOXO1 silencing attenuated mRNA expression of catalase upon treatment with NO. The same effect on catalase mRNA was observed following silencing of PP2A thereby indicating that the PP2A-FOXO1 mechanistic axis was important in the induction of catalase following treatment with NO. Conversely, overexpression of catalase caused the dephosphorylation of pFOXO1 in scrambled controls but not in MDA-MB-468 cells silenced for PP2A, indicating the operation of a feed forward activation loop in NO mediated apoptosis.
The major events in the mechanism of NO induced apoptosis such as activation of catalase, PP2A and dephosphorylation of phosphorylated FOXO1 were also observed in MCF7 breast cancer cells. In summary, this study provides data that can be exploited therapeutically, in that estrogen coupled with NO donors could be targeted to the breast tissue. Subsequently the NO released, would induce apoptosis specifically in the transformed cells which are known to produce increased levels of ROS. NO would interact with the endogenous ROS to induce apoptosis as suggested by this work.
